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Ovary pre-conditioned medium and ovary co-culture increased the efficiency of green
doubled haploid plant production in bread wheat anther culture. The positive effect of
this medium led to a 6- and 11-fold increase in the numbers of embryos and green
plants, respectively, having a greater effect on a medium-low responding cultivar. Ovary
genotype and developmental stage significantly affected microspore embryogenesis. By
the use of Caramba ovaries it was possible to reach a 2-fold increase in the number of
embryos and green plants, and to decrease the rate of albinism. Mature ovaries from
flowers containing microspores at a late binucleate stage raised the number of embryos
and green plants by 25–46% as compared to immature ovaries (excised from flowers
with microspores at a mid-late uninucleate stage). The highest numbers of embryos
and green plants were produced when using mature Caramba ovaries. Ovaries from
Galeón, Tigre, and Kilopondio cultivars successfully induced microspore embryogenesis
at the same rate as Caramba ovaries. Moreover, Tigre ovaries raised the percentage
of spontaneous chromosome doubling up to 71%. Attempts were made to identify
molecular mechanisms associated to the inductive effect of the ovaries on microspore
embryogenesis. The genes TAA1b, FLA26, and WALI6 associated to wheat microspore
embryogenesis, the CGL1 gene involved in glycan biosynthesis or degradation, and the
FER gene involved in the ovary signaling process were expressed and/or induced at
different rates during ovary culture. The expression pattern of FLA26 and FER could be
related to the differences between genotypes and developmental stages in the inductive
effect of the ovary. Our results open opportunities for new approaches to increase
bread wheat doubled haploid production by anther culture, and to identify the functional
components of the ovary inductive effect on microspore embryogenesis.
Keywords: wheat, anther culture, ovary co-culture, ovary developmental stage, ovary genotype, fasciclin-like
arabinogalactan, FERONIA
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Introduction
The production of doubled haploid (DH) plants is a valuable
tool for plant breeding, genetics and functional genomics (Forster
et al., 2007; Ferrie et al., 2011; Germanà, 2011), as it is a
rapid, direct method to obtain homozygous plants. Of all
the different methods for bread wheat (Triticum aestivum L.)
DH production, microspore embryogenesis, through anther or
microspore culture, has the greatest potential. However, this
technique has major limitations due to the low percentage
of microspores that enter the sporophytic pathway, the high
percentage of albinism ofmany genotypes and the low percentage
of spontaneous chromosome doubling (for review see Jauhar
et al., 2009; Lantos et al., 2013). Therefore, the lack of protocols
that can be successfully applied to a broad range of genotypes is
still a bottleneck for bread wheat DH production.
Both anther and isolated microspore cultures are based on
the swicth of microspores from their normal pollen development
toward an embryogenic pathway. However, each method had
specific requirements (Soriano et al., 2007). In isolated bread
wheat microspore culture, the presence of “nurse factors” in
the culture medium can be critical in order to initiate and
sustain microspore embryogenesis efficiently (Zheng et al.,
2002). Although different flower tissues have been assayed as
“nurse factor” donors, namely anthers, ovaries, glumes, and
whole florets, ovaries are used most frequently. Ovary co-culture
and/or an ovary pre-conditioned medium (in which ovaries
have been grown for different time periods, OVCM), had been
reported to increase embryogenesis and green plant regeneration
in isolated wheat microspore cultures (Mezja et al., 1993;
Puolimatka et al., 1996; Hu and Kasha, 1997; Puolimatka and
Pauk, 1999; Zheng et al., 2002). Furthermore, the use of OVCM
can be essential in order to produce embryos in recalcitrant
genotypes (Zheng et al., 2002).
In bread wheat anther culture, early studies suggested that
ovary co-culture stimulated regeneration, but it was not a
prerequisite for high efficiency (Datta and Wenzel, 1987), as
the anther wall could provide the necessary “nurse factors”
(Bruins et al., 1996). Therefore, ovary co-culture and/or
ovary pre-conditioned media have not traditionally been used.
However, Broughton (2008) demonstrated the beneficial effect
of ovary co-culture on embryo production in anther cultures
of different Australian bread wheat cultivars. Ovary co-culture
has occasionally been used in anther cultures by Soriano et al.
(2007); Chauhan and Khurana (2011) and Tadesse et al. (2013).
In durum wheat, ovary co-culture also enhanced the number of
embryo and calli in anther culture, but had no effect on green
plant regeneration (J’Aitil et al., 1999).
In isolated microspore cultures, it has been shown that ovaries
at different developmental stages have a promoting effect on
embryogenesis (Zheng et al., 2002). However, in most studies
immature ovaries excised from the flowers used for microspore
culture (with microspores at a mid-late uninucleate stage) are
used for co-culture or OVCM. In anther cultures, immature and
mature ovaries (from flowers containing microspores at a late
bininucleate stage) have been used by Broughton (2008) and
Soriano et al. (2007), respectively. In both anther and isolated
microspore culture, ovaries of the same genotype as the anthers
are normally used (Hu and Kasha, 1997; Kunz et al., 2000;
Broughton, 2008). Furthermore, Zheng et al. (2002) reported that
a wide range of genotypes promoted microspore embryogenesis
in isolated microspore culture. However, there are no reports
of assays to determine the effect of ovary genotypes and their
developmental stage for ovary co-culture or OVCM on wheat
anther culture.
Although different authors have addressed the identification
of the functional compounds released by the ovaries, their
nature and the basis of the inductive effect on microspore
embryogenesis, still remain unknown (El-Tantawy et al.,
2013). Different promoting compounds have been proposed as
candidate “nurse factors,” including the auxin PAA or its analogs,
organic substances that buffer the medium, or compounds that
metabolize the excess of nitrogen or detoxify the culture medium
(Ziauddin et al., 1992; Hu and Kasha, 1997; Puolimatka and
Pauk, 1999). Great attention has been paid to the arabinogalactan
proteins (AGPs), as they were identified in microspore culture
medium of barley and maize and promoted zygotic and
microspore embryogenesis in maize (Paire et al., 2003; Borderies
et al., 2004). Correspondingly, specificAGP genes were expressed
in anther and isolated microspore during culture, such as ECA1
in barley (Vrinten et al., 1999), TaAGP31-like in wheat (Sánchez-
Díaz et al., 2013), AGP15, AGP23, AGP2, and BnAGP Sta 39-4
in rapeseed (Joosen et al., 2007; Malik et al., 2007; Tsuwamoto
et al., 2007; El-Tantawy et al., 2013). Moreover, the incorporation
of AGP sources, Larcoll and arabic gum in the culture medium
with or without ovary co-culture enhanced embryo production
in wheat (Letarte et al., 2006). However, other proteins were also
identified in the maize microspore culture medium, including
one cell-wall invertase, two thaumatins, one 1-3 beta-glucanase,
two chitinases and some oligosaccharides (Borderies et al., 2004).
Furthermore, it is known that more than 25,000 genes were
expressed in ovaries during at least one stage of development
and 61.5% occurred in all stages, including genes associated
to zygotic and microspore embryo development such as BABY
BOOM (BBM) (Boutilier et al., 2002), and genes associated with
ovary-pollen interactions, such as the defensin-like LURE or
cysteine-rich proteins (Tran et al., 2013).
The objective of this work was to evaluate the effect of
ovary genotype and ovary developmental stage on the efficiency
of bread wheat anther culture when an ovary pre-conditioned
medium and ovary co-culture were used. Furthermore, attempts
were made to identify candidate genes associated with the ovary
induction effect.
Materials and Methods
Material and Growing Conditions of the Donor
Plants
The spring cultivars of bread wheat “Pavon” and “Caramba” were
used as donor plants for anther culture and ovary co-culture.
“Pavon” has a high microspore embryogenesis response, whereas
“Caramba” has a medium-low response. The agronomically
important cultivars Galeón (spring), Tigre (alternative), and
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Kilopondio (alternative) were also used for ovary co-culture.
Donor plants were grown as described by Soriano et al. (2007).
Preparation of Ovary Pre-conditioned Medium
and Ovary Co-culture (OVPCM)
Ovaries were excised from flowers that contained microspores at
a late binucleate stage of development, unless stated otherwise.
Ovaries from the same spike were cultured in MS3M medium
[MSmediummodified byHu and Kasha (1997), containing 62 g/l
maltose, 1mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), 1mg/l
benzyladenine (BA)], supplemented with 200 g/l Ficoll type 400
(MS3MF200) (Soriano et al., 2008). Cultures were kept in the
dark at 25◦C for 5 days before anther culture. The ovaries (eight
ovaries per 1.5ml) were kept in MS3MF200 medium during
anther culture (co-culture, OVPCM).
Anther Culture
The microspore developmental stage was determined by DAPI
(4′, 6′-diamidino-2-phenylindole) staining (Vergne et al., 1987).
Anthers containing the majority of microspores at the mid- to
late-uninucleate stage were pre-treated for 5 days in 127.5 g
l−1 mannitol, 5.9 g l−1 CaCl2 plus macronutrients from FHG
medium (Hunter, 1987) solidified with 8 g l−1 Sea Plaque agarose
(Soriano et al., 2008).
After pre-treatment, 30 anthers were inoculated in 1.5ml of
OVPCMmedium, unless stated otherwise.
Experiment 1. Effect of OVPCM Medium on Anther
Culture Response
After mannitol stress treatment, anthers from the same spike
were randomly distributed on 3 cm Petri dishes containing 1.5ml
of control medium (MS3MF200) or 1.5ml of OVPCM. Pavon
and Caramba ovaries were used in this experiment for OVPCM
preparation.
Experiment 2. Effect of the Ovary Genotype and
Ovary Developmental Stage used in OVPCM on
Anther Culture Response
Pavon and Caramba ovaries from spikes containing microspores
at a late binucleate stage (mature ovaries) and microspores at
a mid-late uninucleate stage (immature ovaries) were cultured
in MS3MF200 for OVPCM preparation. Mannitol pre-treated
anthers from Pavon and Caramba were randomly distributed in
OVPCMmedium with mature or young ovaries from Pavon and
Caramba.
Experiment 3. Candidate Ovary Genotype for OVPCM
OVPCM was prepared with mature ovaries from the Caramba,
Galeón, Tigre, and Kilopondio cultivars. Anthers from Pavon and
Caramba were used in this experiment.
Cultures from all experiments were kept in the dark at 25◦C.
After 10–12 days, plates were replenished with 1.5ml of the
MS3MF400 (MS3M supplemented with 400 g/l Ficoll 400). After
30 days, embryos were transferred to J25-8 medium (Jensen,
1977) for regeneration. Embryos were kept in the dark at 25◦C
for 2 days and then transferred to the light. Ploidy analysis was
performed with a PAS cytometer (Partec) as described by Soriano
et al. (2007).
Statistical Analysis
All the experiments were performed with at least two different
batches of plants. Each experiment consisted of 10–12 replicates
of 30–35 anthers per treatment and genotype. Within replicates,
pre-treated anthers from the same spike were randomly
distributed between treatments. The following variables were
recorded: number of embryos, number of green and albino plants
and number of DH plants, all per 100 anthers. Percentage of
regeneration (number of regenerated plants per 100 embryos),
percentage of green plants (number of green plants per 100 total
plants) and percentage of spontaneous chromosome doubling
(number of doubled haploids per 100 analyzed plants) were
calculated. All experiments were established in a completely
randomized design. Statistical analysis was performed using
SAS software (SAS Institute Inc., Cary, NC, and Version 9.1).
Normality and homogeneity of variance were tested using
Kolmogorov-Smirnoff and Levene’s tests, respectively. Data were
transformed using the square root (x + 0.5) to meet parametric
assumptions, except percentage of regeneration and percentage
of green plants that did not need transformation. The GLM
(Generalized Linear Model) procedure was used to conduct
the ANOVA for all variables except for chromosome doubling
percentage, which was analyzed using the FREQ procedure to do
the Chi Square test. The Duncan method (α ≤ 0.05) was used for
the Mean separation.
Selection of Candidate Genes, RNA Isolation,
and Quantitative RT-PCR
Candidate genes were selected from the genes associated
to the initial phases of microspore embryogenesis in wheat
(Sánchez-Díaz et al., 2013) that were expressed in ovaries
cultured in OVPCM by semi-quantitative RT-PCR analysis (data
not shown): Ta.5024.1 (WHEAT ALUMINIUM INDUCED-6,
WALI6), Ta.9528.1 (a fatty acyl CoA-reductase, Ta.ANTHER-
SPECIFIC1, TAA1b), and Ta.1839.1 (FASCICLIN-26, FLA26).
Two genes also expressed in ovaries cultured in OVPCM were
included in the analysis: Ta.13696.1 (COMPLEX GLYCAN LESS
1, CGL1), a gene previously reported to be associated with AGPs
or their derivate, and Ta.14561.2 (FERONIA, FER), a receptor-
like kinase gene associated to ovary signaling processes. The
consensus sequence of wheat genes based on HarvEST:Wheat
v. 1.59 was used for designing specific primer pairs by
PRIMEREXPRESS software (Applied Biosystems) (Table S1).
For RNA isolation, mature and immature ovaries from Pavon
and Caramba at 0, 5, 10, and 15 days of culture in MS3MF200
medium (0dC, 5dC, 10dC, and 15dC) were frozen in liquid
nitrogen. Mature ovaries from Galeón, Tigre and Kilopondio
were frozen at 0dC, 5dC, 10dC, 15dC, and 20dC. Total RNA
was isolated from frozen samples using TRIzol Reagent (Gibco
BRL), and passed through RNeasy columns (Qiagen) for further
clean up, following the manufacturer’s instructions in both cases.
Double-stranded cDNA was synthesized from the poly(A)+
mRNA present in the isolated total RNA (10.0µg total RNA)
using the M-MLV Reverse Transcriptase kit from Promega. Real-
time qPCR reactions were performedwith the FastMaxima SYBR
GreenMaster Mix (Applied Biosystems) and Rox (Rox Reference
Dye, Invitrogen). qPCRs reactions for primer-dimer formation
and primer efficiency were also performed (data not shown). The
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reaction conditions were optimized to 95◦C for 10min, followed
by 40 cycles of 95◦C for 15 s, 60◦C for 1min and a dissociation
curve from 65 to 95◦C was plotted after each run in the PCR7500
Fast Real-Time PCR System (Applied Biosystems), using gene
Ta.27771 as reference (Paolacci et al., 2009). Data from three
biological and two technical replicates were analyzed, using the
Livak calculation method (Livak and Schmittgen, 2001).
Results
Anther Culture Efficiency
Experiment 1. Effect of OVPCM Medium on Anther
Culture Response
Anther culture response was studied in control (MS3MF200
medium) and OVPCM (MS3MF200 ovary pre-conditioned
medium and ovary co-culture) cultures, using anthers of the
high-responding cultivar Pavon and themedium-low responding
cultivar Caramba (Table 1). As expected, Pavon rendered a
significantly higher number of embryos, green and albino plants
than Caramba (3–5 times higher). Regeneration percentage from
Pavon was also higher than from Caramba but both cultivars
produced a similar percentage of green plants. Significant
differences between control and OVPCM media were observed
for all the variables studied. OVPCM gave rise to a 6-fold and
11-fold increase in the number of embryos and green plants,
respectively. However, the percentages of plant regeneration
and green plants were reduced by 40 and 30%, respectively in
OVPCMmedium.
A significant anther genotype x culture medium interaction
was observed for the number of green plants and the regeneration
percentage, OVPCM showing a larger positive effect in the lower-
responding cultivar Caramba (Table 1 and Figure 1). In Pavon,
262 green plants were obtained with OVPCM and 27.2 in the
control medium, representing a 9.6-fold increase. However, a
16.7-fold increase was observed with OVPCM in Caramba (from
3.8 to 63.8). The regeneration percentage was also enhanced, a 1.3
and a 4-fold increase being observed in Pavon and Caramba with
OVPCM, respectively.
Experiment 2. Effect of the Ovary Genotype and
Ovary Developmental Stage used for OVPCM on
Anther Culture Response
Immature and mature ovaries corresponding to mid-late
uninucleate and late binucleate stages from Pavon and Caramba
were used for OVPCM preparation. ANOVA analysis showed
that the numbers of embryos and green plants were affected not
only by the anther genotype, but also by the ovary genotype and
ovary developmental stage (Table 2). Once more, Pavon anther
cultures produced a 6-times higher number of green plants than
Caramba. When the ovary genotype effect was studied, Caramba
ovaries rendered twice as many embryos and green plants as
Pavon (Figure 2). A greater percentage of green plants was also
obtained with Caramba ovaries. Finally, significant differences
were also found between ovary developmental stages (Table 2
and Figure 2). Mature ovaries significantly raised the number
of embryos (25%), the number of green plants (46%), and
percentage of green plants (17%), in comparison to immature
ovaries.
Caramba ovaries enhanced the anther culture response of
both cultivars, but a significant anther genotype x ovary genotype
interaction was detected for all the variables studied (Table 2).
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FIGURE 1 | Pavon and Caramba anther culture response in control
medium (nor ovary co-culture neither ovary preconditioned medium)
and ovary preconditioned medium with ovary co-culture (OVPCM).
TABLE 1 | Effect of ovary pre-conditioned medium and ovary co-culture (OVPCM) on anther culture of bread wheat cultivars Pavon and Caramba.
Source of variation
p-value2
Embryos Green Pl Albino Pl Reg (%) Green Pl (%)
Genotype (G) < 0.001 < 0.001 < 0.001 < 0.001 0.103
Culture medium (T) < 0.001 < 0.001 0.045 < 0.001 < 0.001
G x T 0.097 0.001 0.176 0.021 0.065
Batch 0.014 0.017 0.024 0.124 0.051
R2 0.80 0.84 0.34 0.63 0.50
ANTHER GENOTYPE
Pavon 309.97a* 148.53a 18.67a 48.79a 77.65a
Caramba 92.18b 31.54b 5.00b 29.62b 85.94a
OVPCM
Control 57.64b* 15.94b 8.42b 48.82a 89.77a
OVPCM 369.08a 177.21a 16.60a 31.42b 64.22b
p-values of the analysis of variance for the numbers of embryos, green plants, albino plants, all of them referred to 100 anthers, and percentages of regeneration and green plants.
*Values followed by the same letter within cultivar and treatment are not significantly different (P < 0.05).
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TABLE 2 | Effect of ovary genotype and ovary developmental stage used for OVPCM on anther culture of Pavon and Caramba cultivars of bread wheat.
Source of variation
p-value2
Embryos Green Pl Albino Pl Reg (%) Green Pl (%)
An Gen(1) < 0.001 < 0.001 0.055 < 0.004 < 0.001
Ov Gen(2) < 0.001 < 0.001 0.008 0.103 < 0.001
An Gen x Ov Gen 0.042 0.001 0.018 0.030 0.017
Ov Stage (3) 0.048 0.011 0.513 0.334 0.041
An Gen x Ov Stage 0.476 0.118 0.887 0.530 0.187
Ov Gen x Ov Stage 0.069 0.056 0.272 0.225 0.242
1× 2 × 3 0.227 0.210 0.781 0.314 0.284
Batch < 0.001 < 0.001 < 0.001 0.129 < 0.001
R2 0.60 0.68 0.26 0.24 0.48
ANTHER GENOTYPE
Pavon 242.32a* 143.02a 52.84a 79.78a 63.39a
Caramba 75.72b 24.03b 27.63a 69.82b 37.15b
OVARY GENOTYPE
Pavon 112.87b* 58.78b 40.01b 78.70a 47.58b
Caramba 219.05a 125.14a 43.35a 71.75a 55.94a
OVARY STAGE
Immature 148.63b* 72.42b 40.82a 73.77a 47.54b
Mature 186.08a 106.21a 42.26a 76.76a 55.52a
p-values of the analysis of variance for the numbers of embryos, green plants, albino plants, all of them referred to 100 anthers, and percentages of regeneration and green plants.
*Values followed by the same letter within anther genotype, ovary genotype, and ovary stage are not significantly different (P < 0.05).
FIGURE 2 | Effect of the ovary developmental stage and ovary
genotype used for OVPCM on Pavon anther cultures. (A) OVPCM with
Pavon immature ovaries. (B) OVPCM with Pavon mature ovaries. (C) OVPCM
with Caramba immature ovaries. (D) OVPCM with Caramba mature ovaries.
In the low-responding cultivar Caramba, the number of embryos
and green plants increased 5 and 10 times, with Caramba
ovaries (Figures 3A,B). However, in the high-responding cultivar
Pavon, Caramba ovaries produced only a 2 and 2.5 times higher
percentage of embryos and green plants.
No significant ovary genotype x ovary developmental stage
interaction was observed for any of the variables; however
this interaction was close to the significance level for number
of embryos and green plants with p-values of 0.07 and 0.06,
respectively (Table 2). The positive effect of OVPCMwithmature
ovaries from Pavon as compared to immature ovaries was higher
than that observed between Caramba ovaries. Thus, OVPCM
with mature ovaries from Pavon produced a 50% higher number
of embryos than immature ovaries (Figures 2A,B), whereas a
15% higher number of embryos was produced with mature
ovaries from Caramba (Figures 2C,D). A similar trend was
observed for the number of green plants (data not shown).
However, we should point out that the highest number of
embryos and green plants was obtained with mature ovaries
from Caramba and the lowest with immature ovaries from Pavon
(Figures 2A,D).
Experiment 3. Candidate Ovary Genotype for OVPCM
Our aim was to find out whether ovaries from other wheat
cultivars could further improve the number of green plants
in anther culture. Thus, the agronomically important cultivars
Galeón, Tigre, and Kilopondio were assayed as donors of mature
ovaries for OVPCM and were compared with mature ovaries
from Caramba, which had shown the highest inductive effect.
Nor were statistically significant differences observed between
cultivars for number of embryos and green plants, or for the
regeneration and green plant percentages (Table 3). However,
differences in the final number of green DH plants were
observed between ovary genotypes since they induced distinct
rates of spontaneous chromosome doubling (Figure 4). The
highest percentage of DH plants was obtained with ovaries from
Tigre (71%), followed by Galeón with 58%, whereas Caramba
and Kilopondio produced similar percentages of chromosome
doubling (45–50%). Accordingly, Tigre ovaries produced the
highest number of DH plants, with 111DH plants/100 anthers.
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Although Galeón ovaries rendered the highest number of
embryos and a high percentage of spontaneous chromosome
doubling, this cultivar produced the lowest number of DH plants
A
B
FIGURE 3 | Analysis of the interaction anther genotype x ovary
genotype in anther culture of bread wheat cultivars Pavon and
Caramba. (A) Number of embryos per 100 anthers. (B) Number of green
plants per 100 anthers.
(58 DH plant/100 anthers), due to its low regeneration and green
plant percentage.
Gene Expression Analysis
In order to identify the molecular mechanisms associated to
the ovaries’ inductive effect on microspore embryogenesis,
genes associated to wheat microspore embryogenesis, glycan
biosynthesis or degradation, as well as to the ovary signaling
process, were considered. Candidate genes were selected
based on their expression in Caramba mature ovaries cultured
in OVPCM by semi-quantitative RT-PCR analysis (data
not shown). The expression pattern of the candidate genes
(WALI6, FLA26, TAA1b, CGL1, and FER) was characterized
by quantitative RT-PCR in immature and mature ovaries
from Pavon and Caramba at 0, 5, 10, and 15 days of culture
(0dC, 5dC, 10dC, and 15dC). At 0dC, mature ovaries were
bigger with a more developed stigma than immature ovaries
(Figures 5A,E). Both mature and immature ovaries from
Caramba enlarged during culture and their stigmatic branches
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FIGURE 4 | Number of DH plants per 100 anthers and percentage of
spontaneous chromosome doubling produced from wheat anther
culture with different ovaries genotypes used for OVPCM.
TABLE 3 | Effect of ovary genotype used for OVPCM on anther culture of Pavon and Caramba cultivars of bread wheat.
Source of variation
p-value2
Embryos Green Pl Albino Pl Reg (%) Green Pl (%)
An Gen < 0.001 < 0.001 0.661 < 0.001 < 0.001
Ov Gen 0.776 0.943 0.277 0.715 0.378
An Gen x Ov Gen 0.714 0.990 0.439 0.296 0.613
Batch 0.701 0.018 0.545 < 0.001 0.061
R2 0.29 0.45 0.09 0.43 0.45
ANTHER GENOTYPE
Pavon 300.16a* 166.79a 71.91a 80.99a 65.86a
Caramba 148.39b 38.23b 67.17a 71.07b 36.88b
OVARY GENOTYPE
Caramba 240.34a* 130.32a 69.78a 79.74a 54.90a
Galeon 298.06a 135.12a 84.86a 77.80a 54.92a
Tigre 242.99a 123.53a 64.04a 76.06a 60.11a
Kilopondio 235.22a 121.54a 63.20a 78.35a 58.31a
p-values of the analysis of variance for the numbers of embryos, green plants, albino plants, all of them referred to 100 anthers, and percentages of regeneration and green plants.
*Values followed by the same letter within anther genotype and ovary genotype are not significantly different (P < 0.05).
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FIGURE 5 | Immature (A–D) and mature (E–H) ovaries from Caramba in OVPCM at 0 (A,E), 5 (B,F), 10 (C,G) and 15 days of culture (D,H).
spread, showing a similar morphology to the pollen reception
stage at 10dC and 5dC in immature and mature ovaries,
respectively (Figures 5B–D,F–H).
Differences in gene expression patterns were observed
between ovary genotypes and ovary developmental stages
(Figure 6). The gene TAA1b that encoded for a fatty acyl CoA-
reductase, showed the greatest difference between genotypes,
as the gene was only strongly induced in Pavon immature
and mature ovaries at 10dC and 5dC, respectively. WALI6,
a cysteine-rich serine protease inhibitor, showed the highest
expression level during culture and the greatest differences
between ovary developmental stages. This gene was induced after
5dC in Pavon and Caramba mature ovaries, and reached the
highest level of expression at 5dC in Caramba and at 10dC
in Pavon. CGL1, that encodes the first enzyme in the complex
glycan biosynthesis pathway, showed a different expression
pattern depending on ovary genotype and developmental stage.
In immature ovaries, expression increased during culture in both
genotypes, reaching higher levels in Pavon. In mature ovaries, the
highest level was observed at 10dC in Caramba.
The two following genes, the fasciclin-like arabinogalactan
gene FLA26 and the receptor-like kinase FER, increased their
expression during culture, in both genotypes and in both ovary
developmental stages (Figure 6). However, it is noteworthy that
mature Caramba ovaries, which produced the highest inductive
effect on microspore embryogenesis, showed the highest level
of expression at the beginning of culture (0dC) and at the latest
stage (15dC).
The expression patterns of FLA26 and FER were also
characterized by quantitative RT-PCR in mature ovaries from
Galeón, Tigre, and Kilopondio cultivars that showed a similar
inductive effect to Caramba. Analysis was performed at 0, 5,
10, 15, and 20 days of culture (0dC, 5dC, 10dC, 15dC, and
20dC) (Figure 7). The FLA26 pattern of expression in the three
genotypes was comparable to that observed in mature Caramba
ovaries (Figure 6), as its expression increased during culture,
reaching the highest level at 15dC in Galeón, and at 15dC–
20dC in Kilopondio and Tigre. Expression levels of FLA26
in Kilopondio and Tigre ovaries were the closest to those of
Caramba, but Galeón showed the highest expression level at
15dC. In the analysis of FER, some similarities in the expression
pattern of the three genotypes and Caramba were found as the
level of expression at the beginning of the culture (0dC) was high.
However, slight differences were also observed, since the level of
expression remained close to the 0dC level, except at 15dC in
Galeón and at 10–15dC in Kilopondio, with a decrease in their
expression level, and a high increase at 10dC in Tigre.
Discussion
Ovary Pre-conditioned and Co-culture Medium
(OVPCM) Increases Wheat Anther Culture
Response
Our study shows that the utilization of an ovary pre-conditioned
medium and ovary co-culture (OVPCM) has a positive effect on
anther culture of high and medium-low responding cultivars of
bread wheat, leading to a 6- and 11-fold increase in the numbers
of embryos and green plants, respectively. Although it is well-
known that ovary co-culture and/or an ovary pre-conditioned
medium can be essential in wheat isolated microspore culture
(for review see Zheng, 2003), few studies have addressed their
effect on wheat anther culture response, even though this
system is widely used for the routine production of doubled
haploids (Jauhar et al., 2009; Lantos et al., 2013; Broughton,
personal communication). Only Broughton (2008) conducted
a comparative study of the use of ovary co-culture or ovary
pre-conditioned medium, concluding that co-culture without
pre-conditioning produced the highest number of green plants.
Despite these data, we adopted the use of OVPCM as “nurse
factors” that are immediately available at the time of anther
culture, which is a great advantage. Furthermore, 5 days of ovary
co-culture, which is the time used for ovary pre-conditioned
medium in this study, was sufficient to produce enough “nurse
factors” to induce microspore embryogenesis in isolated wheat
microspore culture (Puolimatka and Pauk, 1999). Moreover,
when isolated microspore culture was assayed in recalcitrant
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FIGURE 6 | Expression analysis of TAA1B,WALI6, CGL1, FLA26, and
FERONIA by qRT-PCR at 0, 5, 10, and 15 days of culture (0dc,
5dc,10dc,15dc, and 20dc) in immature and mature ovaries from bread
wheat cultivars Pavon (P) and Caramba (C). The y axis indicates the gene
mRNA level relative to Ta27771 used as control.
cultivars, ovary co-culture was not effective but an ovary
pre-conditioned medium was essential (Zheng et al., 2002).
In this study, the effect of OVPCM depended on the genotype,
having a greater effect on the medium-low responding cultivar
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FIGURE 7 | Expression analysis of FLA26 and FERONIA by qRT-PCR at
0, 5, 10, 15, and 20 days of culture (0dc, 5dc,10dc,15dc, and 20dc) in
mature ovaries from bread wheat cultivars Galeón, Tigre, and
Kilopondio. The y axis indicates the gene mRNA level relative to Ta27771
used as control.
Caramba than in the high responding cultivar Pavon. Thus,
OVPCM raised the number of green plants up to 16 times and the
percentage of regeneration 4 times in Caramba. These data are in
accordance with those reported in microspores culture, showing
a greater improvement in recalcitrant genotypes (Hu and Kasha,
1997; Zheng et al., 2002). Conversely, the study by Broughton
(2008) in anther culture showed no interaction between the effect
of ovary co-culture and anther genotype.
Previously, not much attention has been paid to the effect
of the ovary genotype on isolated microspore culture in wheat,
as the initial studies concluded that a wide range of genotypes
were effective, and no clear differences between genotypes were
shown (Bruins et al., 1996; Liu et al., 2002; Zheng et al., 2002).
Thus, the ovaries from the same spikes from which the anthers
are excised have traditionally been used for co-culture or OVCM.
Surprisingly, in this study, a significant effect of the ovary
genotype on microspore embryogenesis efficiency was observed.
Caramba ovaries greatly increased the number of embryos and
green plants and the percentage of green plants as compared
to Pavon ovaries. As far as we know, only two references have
previously suggested ovary genotype differences in the inductive
effect on isolated microspore culture. Firstly, Mezja et al. (1993)
mentioned the low capacity of Pavon ovaries in microspore
induction, and secondly, Bruins et al. (1996) indicated that
ovaries of one cultivar produced higher rates of microspore
viability as compared to a mixture of ovaries from four cultivars.
It is well-known that microspores should be at a mid-late
uninucleate stage to induce microspore embryogenesis efficiently
(Datta, 2005). For ovary co-culture and pre-conditioned
medium, immature ovaries from the same flowers that are used
for anther culture have traditionally been used (Mezja et al., 1993;
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Hu and Kasha, 1997; Puolimatka and Pauk, 1999; Broughton,
2008). However, Zheng et al. (2002) indicated that ovaries from
flowers containing early uninucleate to binucleate microspores
were all effective in promoting microspore embryogenesis. In
this study we have demonstrated that the ovaries’ inductive effect
depends on the developmental stage. Co-culture with mature
ovaries enhanced the number of embryos and green plants by
25–46% respectively as compared to immature ovaries in both
cultivars of wheat. The percentage of green plants was also
significantly higher with mature ovaries. These results differ
from those reported by Lu et al. (2008) showing that barley
microspores co-cultured with florets containing microspores at
uninucleate stage produced a higher number of embryos than
those co-cultured with florets at binucleate stage. In our study,
the effect of the ovary developmental stage depended on the ovary
genotype. Immature ovaries from Pavon produced half as many
green plants as mature Pavon ovaries, whereas mature ovaries
from Caramba rendered only a slightly higher number of green
plants than immature ovaries. Overall, the highest number of
green plants was obtained with mature Caramba ovaries.
Taking into account that anther culture efficiency depends on
the ovary genotype, it would be desirable to identify a donor
ovary genotype that could produce the maximum induction rate
and that could be used universally for co-culture in wheat anther
culture. Therefore, ovaries from three agronomically important
cultivars in Spain were compared with Caramba ovaries for
OVPCM, obtaining a similar number of embryo and green
plants with all. Unexpectedly, Tigre ovaries induced the highest
number of DH plants, due to a high percentage of spontaneous
chromosome doubling. It has been suggested that spontaneous
doubling takes place by a nuclear fusionmechanism during stress
treatment and culture in barley (Kasha et al., 2001; González-
Melendi et al., 2005). Thus, “nurse factors” from Tigre ovaries
seem to promote nuclear fusion during culture. The rates of
spontaneous doubling have been described to be affected by
the genotype, the type of stress treatment and the stage of the
microspores at the time of culture (for review see Castillo et al.,
2009). To our knowledge, this is the first time that the ovary
genotype used for OVPCM has been reported to greatly affect
chromosome doubling, however more studies are needed to
clarify the mechanism through which Tigre ovaries lead to an
increased nuclear fusion.
Identification of Candidate Genes Associated to
the Ovary Inductive Effect in OVPCM on
Microspore Embryogenesis
Since early studies showed that the use of “nurse cultures”
enhanced differentiation and proliferation in several systems (see
review Boutilier et al., 2005), attempts have been made to identify
these “nurse factors.” The nature of these compounds, when
using ovary co-culture and/or ovary preconditioned medium
systems, has been discussed extensively although few candidates
have been recognized until now (Borderies et al., 2004; Asif et al.,
2014). The differences in microspore embryogenesis efficiency
due to ovary genotype and developmental stage found in this
study were decisive in identifying the molecular mechanisms
associated with the inductive effect of the ovaries. Five genes were
selected as candidate genes among those connected with ovary
biological functions, ovary metabolism during the co-culture,
microspore embryogenesis or cell wall modification.
Three of the candidate genes,TAA1b, FLA26, andWALI6 have
been associated with wheat microspore embryogenesis response
(Sánchez-Díaz et al., 2013). TAA1b was induced in the first stages
of microspore embryogenesis when most of the microspores
presented a star-like morphology, whereas FLA26 and WALI6
were induced at later stages, in multicellular structures confined
inside the exine wall. However, TAA1b, that encoded a fatty
acyl-CoA reductase involved in signaling (Wang et al., 2002),
and WALI6, a cysteine-rich serine protease inhibitor induced
by wounding or metal stress (Richards et al., 1994), showed
expression patterns that could not be associated to the inductive
effect of the ovaries. In this sense, TAA1b was only strongly
induced in Pavon and WALI6 in mature ovaries of both
genotypes. Another gene that exhibits an expression pattern that
was not associated with the inductive effect was CGL1. This
gene is involved in the biosynthesis of complex glycans that
are part of membrane glycoproteins and secretory proteins (von
Schaewen et al., 2008) and showed the highest level of expression
in immature Pavon ovaries, which had the lowest inductive effect.
Finally, the expression of FLA26 and FER showed a pattern
characterized by having a higher level in Caramba than in Pavon
ovaries at the onset of culture. In addition, the expression levels
of both genes increased during culture, reaching a maximum
at 15 days and being higher in Caramba mature ovaries, which
showed the highest induction rate. Therefore, this pattern could
be associated to the inductive effect of the ovaries. Nevertheless,
some differences should be highlighted as FER expression levels
were almost 10 times lower than FLA26, and FER expression was
maintained or increased slightly during culture whereas FLA26
showed a higher level at 15–20dC.
The period at which the “nurse factors” should be present
in the medium has been widely studied (Hu and Kasha, 1997;
Puolimatka and Pauk, 1999; Zheng et al., 2002). It has been
established that the effect of the ovaries begins between 5 and
10 days of co-culture and that this initial effect is related to the
rates of dividing microspores or maintenance of embryogenic
development. However, the number, size and embryos frequency
increase after 21 days of co-culture (Hu and Kasha, 1997).
Thus, the beneficial effect of ovary factors extends throughout
the induction culture period, probably due to the presence of
different “nurse factors” with different functions (Hu and Kasha,
1997) that meet the requirements of the induced microspores
at each stage of the embryonic development. In this sense, the
induction of a different set of functional genes throughout wheat
microspore embryogenesis has been described recently (Sánchez-
Díaz et al., 2013).
The receptor-like kinase FERONIA (FER), which belongs to
the CrRLK1L-1 subfamily, was originally identified for its role as
a communication factor during fertilization acting in termination
of pollen tube growth (Huck et al., 2003; Rotman et al., 2003;
Escobar-Restrepo et al., 2007). Therefore, its function would fit
with the idea that ovary factors are related to ovary biological
functions as suggested by Mezja et al. (1993). However, other
receptor-like kinase, ERECTA, associated with cell-cell signaling
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related to cell proliferation and growth in ovaries, anthers and
embryos (Shpak, 2013) was only expressed in fresh ovaries at 0
days of culture (data not shown).
In recent years, new data suggest that FER plays a more
general role in complex processes, intervening as a master
regulator of cell growth (Yu et al., 2012, 2014; Duan et al.,
2014). These data are consistent with the fact that the “nurse
factors” were not ovary-specific (Puolimatka and Pauk, 1999).
FER could act in signal transduction as a co-receptor to enhance
the activity of other receptor kinase, or as receptor of the
peptide secreted RALF (rapid alkalinization factor) (Haruta
et al., 2014; Kessler et al., 2015). It has been reported that FER
participates in a feedback signaling network in growing cells
but also in stress conditions, through an interplay with the
brassinosteroid signaling (Guo et al., 2009; Hofte, 2015). In this
network, the cell wall secretions promote cell expansion, leading
to the activation of mechanoreceptors that trigger an increase in
cytosolic Ca2+, alkalinization of the apoplast, ROS production
and growth inhibition (Rojas et al., 2011). All components of this
signaling network are important to microspore embryogenesis
induction. Increased Ca2+ concentration resulted in a higher
osmolality and a larger number of embryo-like structures
and plant production (Hoekstra et al., 1997). A shift toward
alkalinization upon embryogenesis induction could be behind
the cytoskeletal rearrangements (Pauls et al., 2006). Z˙ur et al.
(2014) suggested that a certain H2O2 threshold was important
for successful microspore embryogenesis induction, and ROS-
induced signal transduction has been associated with the stress
treatment (Jacquard et al., 2006; Z˙ur et al., 2009). Finally, the
incorporation of brassinosteroids in the culture medium of
Brassica microspores significantly increased the percentage of
embryogenesis (Ferrie et al., 2005).
Compounds secreted by the cell wall are also involved
in microspore embryogenesis. In fact, these compounds have
been among the first to be associated with the induction
effect of ovary co-culture and/or ovary preconditioned medium
(Borderies et al., 2004; Matthys-Rochon, 2005). Among them,
AGPs, a large family of cell surface hydroxyproline-rich
glycoproteins (HRGPs), were found to induce wheat microspore
embryogenesis (Letarte et al., 2006). FLA26 encoded for a
fasciclin-like arabinogalactan protein (FLAs), a subclass of AGPs
that contains an AGP-like glycosylated domain and two fasciclin-
like domains (Faik et al., 2006). The FLAs are widely distributed
in various plants but little information is available as compared to
other AGP families. Nevertheless, FLAs are known to be involved
in cell-to-cell communication associated with plant growth and
development (Johnson et al., 2003; Shi et al., 2003; Faik et al.,
2006; Zang et al., 2015). The FLA26 gene was highly expressed
in microspore embryogenesis, fresh anthers, excised embryo
and roots, indicating a general function in wheat (Sánchez-Díaz
et al., 2013). However, other FLAs genes (FLA25 and FLA14)
that were also expressed in microspore embryogenesis induction,
were not expressed in ovaries in culture (data not shown). Also,
it is known that different AGPs are expressed in reproductive
tissues (Cheung et al., 1995; Coimbra et al., 2008). Accordingly,
in this study the two AGPs analyzed (AGP5 and AGP9) were
expressed in fresh ovaries but not during culture (data not
shown).
In this study we have demonstrated that the use of ovary
pre-conditioned medium and ovary co-culture increased the
efficiency of green doubled haploid plant production in bread
wheat anther culture. In addition, ovary genotype and stage
of development are critical factors, increasing embryogenesis
induction and chromosome doubling percentages at early
stages of microspore embryogenesis, and enhancing green plant
regeneration in later stages. A fasciclin-like arabinogalactan
protein, FLA26, and the ovary signaling gene FERONIA have
been associated with the inductive effect of the ovaries. Our
results represent a breakthrough in identifying the molecular
mechanisms associated with microspore embryogenesis
induction, and suggest new approaches to increase the efficiency
of anther culture that could have special relevance in bread wheat
plant breeding.
Acknowledgments
RS was a recipient of a predoctoral fellowship, from the Junta
de Ampliación de Estudios, Consejo Superior de Investigaciones
Científicas (JAE-CSIC) of Spain. This work was supported by
Projects AGL2010-17509 and AGL2013-46698-R Plan Nacional
de Recursos y Tecnologías Agroalimentarias of Spain and
Diputacion General de Aragón (Grupo A06).
Supplementary Material
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.2015.
00402/abstract
References
Asif, M., Eudes, F., Randhawa, H., Amundsen, E., and Spaner, D. (2014).
Phytosulfokine alpha enhances microspore embryogenesis in both triticale and
wheat. Plant Cell Tissue Organ Cult. 116, 125–130. doi: 10.1007/s11240-013-
0379-y
Borderies, G., le Béchec, M., Rossignol, M., Lafitte, C., le Deunff, E., Beckert, M.,
et al. (2004). Characterization of proteins secreted during maize microspore
culture: arabinogalactan proteins (AGPs) stimulate embryo development. Eur.
J. Cell Biol. 83, 205–212. doi: 10.1078/0171-9335-00378
Boutilier, K., Fiers, M., Liu, C-M., and van der Geest, A. H.M. (2005). “Biochemical
and molecular aspects of haploid embryogenesis,” in Biotechnology in
Agriculture and Forestry, Haploids in Crop Improvement II Vol. 56. eds C. E.
Palmer, W. A. Keller, and K. J. Kasha (Berlin Heidelberg: Springer-Verlag),
73–96.
Boutilier, K., Offringa, R., Sharma, V. K., Kieft, H., Ouellet, T., Zhang, L.,
et al. (2002). Ectopic expression of BABY BOOM triggers a conversion
from vegetative to embryonic growth. Plant Cell 14, 1737–1749. doi:
10.1105/tpc.001941
Broughton, S. (2008). Ovary co-culture improves embryo and green plant
production in anther culture of Australian wheat (Triticum aestivum L.). Plant
Cell Tissue Organ Cult. 95, 185–195. doi: 10.1007/s11240-008-9432-7
Bruins, M. B. M., Rakoczy-Trojanowska, M., and Snijders, C. H. A. (1996). Isolated
microspore culture in wheat (Triticum aestivum L.): the effect of co-culture
Frontiers in Plant Science | www.frontiersin.org 10 June 2015 | Volume 6 | Article 402
Castillo et al. Ovary induction on anther culture
of wheat or barley ovaries on embryogenesis. Cereal Res. Commun. 24,
401–407.
Castillo, M. A., Cistué, L., Vallés, M. P., and Soriano, M. (2009). “Chromosome
doubling in monocots,” in Advances in Haploid Production in Higher Plants,
eds A. Touraev, B. P. Forster, S. M. Jain (Dordrecht: Springer Science + Bussines
Media B.V.), 329–338.
Chauhan, H., and Khurana, P. (2011). Use of doubled haploid technology
for development of stable drought tolerant bread wheat (Triticum aestivum
L.) transgenics. Plant Biotechnol. J. 9, 408–417. doi: 10.1111/j.1467-
7652.2010.00561.x
Cheung, A. Y., Wang, H., and Wu, H.-M. (1995). A floral transmitting tissue-
specific glycoprotein attracts pollen tubes and stimulates their growth. Cell 82,
383–393. doi: 10.1016/0092-8674(95)90427-1
Coimbra, S., Jones, B., and Pereira, L. G. (2008). Arabinogalactan proteins (AGPs)
related to pollen tube guidance into the embryo sac in Arabidopsis. Plant Signal
Behav. 3, 455–456. doi: 10.4161/psb.3.7.5601
Datta, S. K. (2005). Androgenic haploids: factors controlling development and its
application in crop improvement. Curr. Sci. 89, 1870–1878.
Datta, S. K., and Wenzel, G. (1987). Isolated microspore derived plant formation
via embryogenesis in Triticum aestivum L. Plant Sci. 48, 49–54. doi:
10.1016/0168-9452(87)90069-0
Duan, Q., Kita, D., Johnson, E. A., Aggarwal, M., Gates, L., Wu, H.-M., and
Cheung, A. Y. (2014). Reactive oxygen species mediate pollen tube rupture
to release sperm for fertilization in Arabidopsis. Nat. Commun. 5:3129. doi:
10.1038/ncomms4129
El-Tantawy, A.-A., Solís, M. T., Da Costa, M. L., Coimbra, S., Risueño, M.-C., and
Testillano, P. S. (2013). Arabinogalactan protein profiles and distribution
patterns during microspore embryogenesis and pollen development
in Brassica napus. Plant Reprod. 26, 231–243. doi: 10.1007/s00497-013-
0217-8
Escobar-Restrepo, J. M., Huck, N., Kessler, S., Gagliardini, V., Gheyselinck, J.,
Yang, W.-C., et al. (2007). The FERONIA receptor-like kinase mediates male-
female interactions during pollen tube reception. Science 317, 656–660. doi:
10.1126/science.1143562
Faik, A., Abouzouhair, J., and Sarhan, F. (2006). Putative fasciclin-like
arabinogalactan-proteins (FLA) in wheat (Triticum aestivum) and rice (Oryza
sativa): identification and bioinformatics analyses. Mol Genet Genomics 276,
478–494. doi: 10.1007/s00438-006-0159-z
Ferrie, A. M. R., Bethune, T. D., and Mykytyshyn, M. (2011). Microspore
embryogenesis in Apiaceae. Plant Cell Tissue Organ Cult. 104, 399–406. doi:
10.1007/s11240-010-9770-0
Ferrie, A. M. R., Dirpaul, J., Krishna, P., Krochko, J., and Keller, W. A. (2005).
Effects of brassinosteroids on microspore embryogenesis in Brassica species. In
Vitro Cell. Dev. Biol. Plant 41, 742–745. doi: 10.1079/IVP2005690
Forster, B. P., Heberle-Bors, E., Kasha, K. J., and Touraev, A. (2007). The
resurgence of haploids in higher plants. Trends Plant Sci. 12, 368–375. doi:
10.1016/j.tplants.2007.06.007
Germanà, M. A. (2011). Anther culture for haploid and doubled haploid
production. Plant Cell Tissue Organ Cult. 104, 283–300. doi: 10.1007/s11240-
010-9852-z
González-Melendi, P., Ramírez, C., Testillano, P. S., Kumlehn, J., and Risueño,
M. C. (2005). Three-dimensional confocal and electrón microscopy imaging
define the dynamics and mechanism of diploidisation at early stages of barley
microspore-derived embriogénesis. Planta 222, 47–57. doi: 10.1007/s00425-
005-1515-7
Guo, H., Li, L., Ye, H., Yu, X., Algreen, A., and Yin, Y. (2009). Three
related receptor-like kinases are required for optimal cell elongation in
Arabidopsis thaliana. Proc. Natl Acad. Sci. U.S.A. 106, 7648–7653. doi:
10.1073/pnas.0812346106
Haruta, M., Sabat, G.,Stecker, K., Minkoff, B. B., and Sussman, M. R. (2014). A
peptide hormone and its receptor protein kinase regulate plant cell expansion.
Science 343, 408–411. doi: 10.1126/science.1244454
Hoekstra, S., van Bergen, S., van Brouwershaven, I. R., Schilperoort, R. A., and
Wang, M. (1997). Adrogenesis in Hordeum vulgare L.: effects of mannitol,
calcium and abscisic acid on anther pretreatment. Plant Sci. 126, 211–218. doi:
10.1016/S0168-9452(97)00096-4
Hofte, H. (2015). The Yin and Yang of cell wall integrity control: brassinosteroid
and FERONIA. Signal. Plant Cell Physiol. 56, 224–231. doi: 10.1093/pcp/pcu182
Hu, H., and Kasha, K. J. (1997). Improvement of isolated microspore culture of
wheat (Triticum aestivum L.) through ovary co-culture. Plant Cell Rep. 16,
520–525. doi: 10.1007/s002990050271
Huck, N., Moore, J. M., Federer, M., and Grossniklaus, U. (2003). The
Arabidopsis mutant feronia disrupts the female gametophytic control of
pollen tube reception. Development 130, 2149–2159. doi: 10.1242/dev.
00458
Hunter, C. P. (1987). Plant Generation Method. European Patent Application No.
0245 898 A2, 1–8.
J’Aitil, F., Benlhabib, O., Sharma, H. C., El Jaafari, S., and El Hadrami, I. (1999).
Genotypic variation in anther culture and effect of ovary co-culture in durum
wheat. Plant Cell Tissue Organ Cult. 59, 71–76.
Jacquard, C., Mazeyrat-Gourbeyre, F., Devaux, P., Baillieul, F., and Clément, C.
(2006). “Plant defence mechanisms are triggered in the anther during the pre-
treatment process,” in The International Conference ‘Haploids in Higher Plants
III’ (Vienna),
Jauhar, P. P., Xu, S. S., and Baenziger, P. S. (2009). Haploidy in cultivated wheats:
induction and utility in basic and applied research. Crop Sci. 49, 737–755. doi:
10.2135/cropsci2008.08.0462
Jensen, C. J. (1977). “Monoploid production by chromosome elimination,” in
Applied and Fundamental Aspects of Plant Cell, Tissue and Organ Culture, eds
J. Reinert, Y. P. S. Bajaj, (Berlin: Springer-Verlag), 299–330.
Johnson, K. L., Jones, B. J., Bacic, A., and Schultz, C. J. (2003). The Fasciclin-Like
Arabinogalactan Proteins of Arabidopsis. A Multigene Family of Putative Cell
AdhesionMolecules. Plant Physiol. 133, 1911–1925 doi: 10.1104/pp.103.031237
Joosen, R., Cordewener, J., Supena, E. D. J., Vorst, O., Lammers, M.,
Maliepaard, C., et al. (2007). Combined transcriptome and proteome analysis
identifies pathways and markers associated with the establishment of rapeseed
microspore-derived embryo development. Plant Physiol. 144, 155–172. doi:
10.1104/pp.107.098723
Kasha, K. J., Hu, T. C., Oro, R., Simion, E., and Shim, Y. S. (2001). Nuclear
fusion leads to chromosome doubling during mannitol pretreatment of
barley (Hordeum vulagre L.) microspores. J. Exp. Bot. 52, 1227–1238. doi:
10.1093/jexbot/52.359.1227
Kessler, S. A., Lindner, H., Jones, D. S., and Grossniklaus, U. (2015). Functional
analysis of related CrRLK1L receptor-like kinases in pollen tube reception.
EMBO Rep. 16, 107–115 doi: 10.15252/embr.201438801
Kunz, C., Islam, S. M. S., Berberat, J., Peter, S. O., Büter, B., Stamp, P., et al.
(2000). Assesment and improvement of wheat microspore derived embryo
induction and regeneration. J. Plant Physiol. 156, 190–196. doi: 10.1016/S0176-
1617(00)80305-3
Lantos, C., Weyen, J., Orsini, J. M., Gnad, H., Schlieter, B., Lein, V., et al. (2013).
Efficient application of in vitro anther culture for different European winter
wheat (Triticum aestivum L.) breeding programmes. Plant Breed. 132, 149–154.
doi: 10.1111/pbr.12032
Letarte, J., Simion, E., Miner, M., and Kasha, K. J. (2006). Arabinogalactans and
arabinogalactan-proteins induce embryogenesis in wheat (Triticum aestivum
L.) microspore culture. Plant Cell Rep. 24, 691–698. doi: 10.1007/s00299-005-
0013-5
Liu, W., Zheng, M. Y., Polle, E. A., and Konzak, C. F. (2002). Highly
Efficient Doubled-Haploid production in wheat (Triticum aestivum
L.) via induced microspore embryogenesis. Crop Sci. 42, 686–692. doi:
10.2135/cropsci2002.0686
Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2−11CT method.Methods 2, 402–408.
doi: 10.1006/meth.2001.1262
Lu, R., Wang, Y., Sun, Y., Shan, L., Chen, P., and Huang, J. (2008). Improvement
of isolated microspore culture of barley (Hordeum vulgare L.): the effect of
floret co-culture. Plant Cell Tiss Organ Cult. 93, 21–27. doi: 10.1007/s11240-
008-9338-4
Malik, M. R., Wang, F., Dirpaul, J. M., Zhou, N., Polowick, P. L., Ferrie, A. M. R.,
et al. (2007). Transcript profiling and identification of molecular markers for
early microspore embryogenesis in Brassica napus. Plant Physiol. 144, 134–154.
doi: 10.1104/pp.106.092932
Matthys-Rochon, E. (2005). Secretedmolecules and their role in embryo formation
in plants: a mini-review. Acta Biol. Cracov. Series Bot. 47/1, 23–29.
Mezja, S. J., Morgant, V., DiBona, D. E., andWong, J. R. (1993). Plant regeneration
from isolated microspores of Triticum aestivum. Plant Cell Rep. 12, 149–153.
Frontiers in Plant Science | www.frontiersin.org 11 June 2015 | Volume 6 | Article 402
Castillo et al. Ovary induction on anther culture
Paire, A., Devaux, P., Lafitte, C., Dumas, C., and Matthys-Rochon, E. (2003).
Proteins produced by barley microspores and their derived androgenic
structures promote in vitro zygotic maize embryo formation. Plant Cell Tissue
Organ Cult. 73, 167–176. doi: 10.1023/A:1022805623167
Paolacci, A. R., Tanzarella, O. A., Porceddu, E., and Ciaffi, M. (2009). Identification
and validation of reference genes for quantitaive RT-PCR normalization in
wheat. BMCMol. Biol. 10:11. doi: 10.1186/1471-2199-10-11
Pauls, K. P., Chan, J., Woronuk, G., Schulze, D., and Brazolot, J. (2006). When
microspores decide to become embryos—cellular and molecular changes. Can.
J. Bot. 84, 668–678. doi: 10.1139/b06-064
Puolimatka, M., and Pauk, J. (1999). Impact of explant type, duration and initiation
time on the co-culture effect in isolated microspore culture of wheat (Triticum
aestivum L.). J. Plant Physiol. 154, 367–373. doi: 10.1016/S0176-1617(99)
80182-5
Puolimatka, M., Laine, S., and Pauk, J. (1996). Effect of ovary co-cultivation and
culture medium on embryogenesys of direct isolated microspores of wheat.
Cereal Res. Commun. 24, 393–400.
Richards, K. D., Snowden, K. C., and Cardner, R. C. (1994).wali6 and wali7,Genes
lnduced by Aluminum in Wheat (Trificum aestivum 1.) Roots. Plant Physiol.
105, 1455–1456. doi: 10.1104/pp.105.4.1455
Rojas, E. R., Hotton, S., and Dumais, J. (2011). Chemically mediated mechanical
expansion of the pollen tube cell wall. Biophys. J. 101, 1844–1853. doi:
10.1016/j.bpj.2011.08.016
Rotman, N., Rozier, F., Boavida, L., Dumas, C., Berger, F., and Faure, J. E. (2003).
Female control of male gamete delivery during fertilization in Arabidopsis
thaliana. Curr. Biol. 13, 432–436. doi: 10.1016/S0960-9822(03)00093-9
Sánchez-Díaz, R. A., Castillo, A. M., and Vallés, M. P. (2013). Microspore
embryogenesis in wheat: new marker genes for early, middle and late stages
of embryo development. Plant Reprod. 26, 287–296. doi: 10.1007/s00497-013-
0225-8
Shi, H., Kim, Y., Guo, Y., Stevenson, B., and Zhu, J.-K. (2003). The Arabidopsis
SOS5 locus encodes a putative cell surface adhesion protein and is required for
normal cell expansion. Plant Cell 15, 19–32 doi: 10.1105/tpc.007872
Shpak, E. D. (2013). Diverse Roles of ERECTA family genes in plant development.
J Integr. Plant Biol. 55, 1238–1250. doi: 10.1111/jipb.12108
Soriano, M., Cistué, L., and Castillo, A. M. (2008). Enhanced induction of
microspore embryogenesis after n-butanol treatment in wheat (Triticum
aestivum L.) anther culture. Plant Cell Rep. 27, 805–811. doi: 10.1007/s00299-
007-0500-y
Soriano,M., Cistué, L., Vallés,M. P., and Castillo, A.M. (2007). Effects of colchicine
on anther and microspore culture of bread wheat (Triticum aestivum L.) Plant
Cell Tissue Organ Cult. 91, 225–234. doi: 10.1007/s11240-007-9288-2
Tadesse, W., Tawkaz, S., Inagaki, M. N., Picard, E., and Baum, M. (2013).Methods
and Applications of Doubled Haploid Technology in Wheat Breeding ICARDA.
Aleppo, 36.
Tran, F., Penniket, C., Patel, R. V., Provart, N. J., Laroche, A., Rowland,
O., et al. (2013). Developmental transcriptional profiling reveals key
insights into Triticeae reproductive development. Plant J. 74, 971–988. doi:
10.1111/tpj.12206
Tsuwamoto, R., Fukuoka, H., and Takahata, Y. (2007). Identification and
characterization of genes expressed in early embryogenesis from microspores
of Brassica napus. Planta 225, 641–652. doi: 10.1007/s00425-006-0388-8
Vergne, P., Delvallee, I., and Dumas, C. (1987). Rapid assessment of microspore
and pollen development stage in wheat and maize using DAPI and membrane
permeabilization. Stain Technol. 62, 299–304. doi: 10.3109/10520298709108014
von Schaewen, A., Frank, J. and Koiwa, H. (2008). Role of complex N-glycans in
plant stress tolerance. Plant Signal. Behav. 3, 871–873.
Vrinten, P. L., Nakamura, T., and Kasha, K. J. (1999). Characterization of cDNAs
expressed in the early stages of microspore embryogenesis in barley (Hordeum
vulgare L.). Plant Mol. Biol. 41, 455–463. doi: 10.1023/A:1006383724443
Wang, A., Xia, Q., Xie, W., Dumonceaux, T., Zou, J., Datla, R., et al. (2002).
Male gametophyte development in bread wheat (Triticum aestivum L.):
molecular, cellular, and biochemical analyses of a sporophytic contribution
to pollen wall ontogeny. Plant J. 30, 613–623. doi: 10.1046/j.1365-313X.2002.
01313.x
Yu, F., Qian, L., Nibau, C., Duan, Q., Kita, D., Levasseur, K., et al. (2012). FERONIA
receptor kinase pathway suppresses abscisic acid signaling in Arabidopsis by
activating ABI2 phosphatase. Proc. Natl Acad. Sci. U.S.A. 109, 14693–14698.
doi: 10.1073/pnas.1212547109
Yu, F., Tian, W., and Luan, S. (2014). From receptor-like kinases to calcium spikes:
what are the missing links?Mol. Plant 7, 1501–1504. doi: 10.1093/mp/ssu092
Zang, L., Zheng, T., and Su, X. (2015). Advances in research of fasciclin-like
arabinogalactan proteins (FLAs) in plants. Plant Omics J. 8, 190–194.
Zheng, M. Y. (2003). Microspore culture in wheat (Triticum aestivum)-doubled
haploid production via induced embryogenesis. Plant Cell Tissue Organ Cult.
73, 213–230. doi: 10.1023/A:1023076213639
Zheng, M. Y., Weng, Y., Liu, W., and Konzak, C. F. (2002). The effect of
ovary-conditioned medium on microspore embryogenesis in common wheat
(Triticum aestivum L.). Plant Cell Rep. 20, 802–807. doi: 10.1007/s00299-001-
0411-2
Ziauddin, A., Marsolais, A., Simion, E., and Kasha, K. J. (1992). Improved plant
regeneration from wheat anther culture and barley microspore culture using
phenyl acetic acid (PAA). Plant Cell Rep. 11, 489–498. doi: 10.1007/BF002
36263
Zur, I., Dubas, E., Golemiec, E., Szechyñska-Hebda, M., Golebiowska, G.,
Wêdzony, M. (2009). Stress-related variation in antioxidative enzymes activity
and cell metabolism efficiency associated with embryogenesis induction in
isolated microspore culture of triticale (×TriticosecaleWittm.). Plant Cell Rep.
28, 1279–1287. doi: 10.1007/s00299-009-0730-2
Zur, I., Dubas, E., Krzewska,M., Janowiak, F., Hura, Ba˛czek-Kwinta, R., and Płaz˙ek,
A. (2014). Antioxidant activity and ROS tolerance in triticale (xTriticosecale
Wittm.) anthers affect the efficiency of microspore embryogenesis. Plant Cell
Tissue Organ Cult. 119, 79–94. doi: 10.1007/s11240-014-0515-3
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Castillo, Sánchez-Díaz and Vallés. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 12 June 2015 | Volume 6 | Article 402
